The limited proliferative capacity of DMD myoblasts severely limits their ability to be genetically modified and used for myoblast transplantation. Transformation by SV40 large T antigen (Tag) delays senescence of mouse and human myoblasts but fails to immortalize these cells. The cells ceased to proliferate and entered into crisis. Reconstitution of telomerase activity has been shown sufficient to enable different types of transformed cells to escape crisis. DMD myoblasts, previously transformed by Tag, were therefore infected with a telomerase retrovirus. The expression of telomerase was
Myoblasts from muscle biopsy of Duchenne muscular dystrophy patients (DMD) when cultured in vitro generally exhibit a strictly limited proliferative life span and enter rapidly into senescence. 1 This limited proliferative capacity severely limits their ability to be genetically modified and used for myoblast transplantation.
Transformation by oncogenes such as simian virus 40 large T antigen (Tag) was sufficient to delay senescence of mouse and human myoblasts by extending their life span by about 20 divisions, 2, 3 but failed to induce cell immortality. This second arrest of proliferation is most commonly referred to as 'crisis'. It has been speculated that crisis occurs when telomere erosion has progressed beyond a second critical point such that chromosomes became unstable. 4, 5 Rarely, a cell can escape the proliferation blockade of crisis and continue to divide indefinitely. 6, 7 The in vitro spontaneous immortalization of cells using SV40 T antigen occurs at low frequency (3.3 × 10 −7 ). 7 Telomerase is generally re-expressed in these SV40 T antigen spontaneously immortalized cells allowing them to maintain their telomeres at a stable short length. 8 Telomerase is a specialized reverse transcriptase which catalyzes the addition of telomeric DNA repeats on to the ends of the chromosomes. 9 Telomerase is active in germline and cancer cells, but is not expressed in most human somatic tissues. Restoration of telomerase activity by transient expression of the human telomerase reverse sufficient to allow DMD-Tag myoblasts to escape crisis. The telomerase-positive transformed myoblasts continued to divide for more than 55 doublings while Tag myoblasts stopped proliferating after 35 doublings. These cells are able to fuse and to differentiate normally. The average telomere length of these telomerase-positive DMD-Tag myoblasts seems to continue to elongate. Thus, transiently genetically modified myoblasts could constitute an important pool of DMD myoblasts for autologous transplantation in DMD patients. Gene Therapy (2000) 7, 619-623.
transcriptase subunit (hTERT) in human epithelial cells and fibroblasts resulted in a dramatic extension of their life span. 10 Recently, we have demonstrated that introduction of hTERT into normal and DMD myoblasts permitted reconstitution of telomerase activity but failed significantly to extend their life span. 11 However, recent results have shown that reconstitution of telomerase activity is sufficient to enable Tag transformed HEK cells 12 and Tag or Ras transformed human pancreatic cells or fibroblasts to escape crisis. 13, 14 Because telomerase activation may be the primary means by which several cell types escape crisis and because introduction of the hTERT has been shown to reconstitute telomerase activity in human myoblasts, we have tested the hypothesis that expression of hTERT could rescue Tag transformed DMD myoblasts from crisis and induce immortality of these cells.
Myoblasts obtained from primary cultures of DMD patients were first transfected with the plasmid containing the T antigen. The transformed cells were then cloned and one of the clones, named DMD- Tag (Oncor) . 19 The relative activity of telomerase was detected by autoradiography.
exceed 50% confluency) indicating that these cells had probably entered crisis. However, these cells remained desmin positive and still expressed T antigen (Figure 2c  and d) .
Next, the proliferative capacities of DMD-Tag and DMD-Tag-hTERT were compared. After 30 days in culture, corresponding to 35 doublings, DMD-Tag culture had stopped proliferating (Figure 3) . At that time, the culture contained mainly large, flattened cells with large cytoplasm and variable morphology (Figure 4a , arrowhead), whereas DMD-Tag-hTERT cells have a normal size and normal morphology (Figure 4b ). During the same time, DMD-Tag-hTERT cells proliferated more rapidly and reached 45 doublings (Figure 3 ). These cells are still currently maintained in culture and continue to proliferate. This result strongly suggests that expression of telomerase allows DMD-Tag myoblasts to escape crisis.
Bodnar et al 10 showed that hTERT gene transfer resulted in telomere elongation in primary cells. In contrast, immortalized, transformed cell lines that have acquired telomerase activity generally retained short, but stable telomeres. 4, 5 Therefore, the telomere lengths of the DMD-Tag-hTERT myoblasts were measured and compared with those of near-crisis or crisis stage DMD-Tag control cells. As previously described, 13, 14 telomeres of DMD-Tag cells continuously shortened ( Figure 5, lanes  1-3) . Telomere lengths were also measured at various time-points after hTERT infection. The telomere length of the DMD-Tag-hTERT myoblasts increased rapidly compared with pre-crisis or near crisis DMD-Tag cells. The telomere length average seems to continue to elongate even after 35 doublings. However, at 41 and 46 doublings, we obtained large smears which did not allow accurate estimation of the average telomere length.
It has been previously demonstrated that T antigenpositive myoblasts were able to fuse normally. They expressed the embryonic myosin heavy chain (eMHC) normally. 3 To test whether expression of telomerase affects the differentiation of DMD-Tag-hTERT myoblasts, cell fusion and expression of embryonic MHC and spectrin were examined. At 46 doublings and after 8 days in fusion medium some myotubes were formed (Figure 6a c, arrows). The myotubes observed in phase contrast were positive for both spectrin and embryonic MHC (Figure 6b-d ). Our results demonstrate that expression of telomerase does not prevent the fusion and differentiation of Tag transformed DMD myoblasts.
Autologous transplantation of genetically modified myoblasts from DMD patients has been proposed for the treatment of Duchenne muscular dystrophy. However, the poor proliferative capacity of the DMD myoblasts limits their ability to be genetically modified and transplanted. It is well known that SV40 large T antigen (Tag), significantly expands the cultured life span of normal and DMD human myoblasts. 2, 15, 16 However, the expression of Tag fails to induce immortality and thus Tag-positive cells cease proliferating and enter into crisis.
The most important conclusion of our study is that telomerase activity is sufficient to allow Tag-positive DMD myoblasts to escape from crisis. These DMD-Tag-hTERT cells proliferate indefinitely in culture. Thus, these so genetically modified DMD myoblasts constitute an important pool of cells for autologous transplantation in DMD patients.
After 55 doublings, the DMD-Tag-hTERT cells maintain normal morphology compared with the DMD-Tag myoblasts which stopped proliferating after 35 doublings. Moreover, DMD-Tag-hTERT cells were able to fuse normally and expressed some differentiation markers such as spectrin or embryonic MHC.
Previous published results indicated that the telomere length of Tag transformed cells also expressing hTERT remained stable 14 or continued to shorten 13 during cell division. However, our results show that after 46 doublings, the telomere length of DMD-Tag-hTERT myoblasts cell population is heterogeneous but a large proportion of the cells seems to have very long telomeres. We are currently analyzing the telomere length of clonal populations to verify whether the proliferating clones have elongating, stable or shorter telomeres. However, clonal populations are not necessary for the myoblast transplantation in muscles. The success of transplantation of these DMD-Tag-hTERT myoblasts is thus under investigation.
It has already been shown that Tag expression alone a c d b greatly reduced the success of transplantation. 17 Thus, it may be advantageous or perhaps even necessary to remove the T antigen with the cre-lox system before myoblast transplantation. The T antigen cDNA utilized here is already between to loxP box sequences and we will therefore carry out this experiment.
Figure 2 Desmin expression of (a) DMD-Tag-hTERT myoblasts and (c) DMD-Tag myoblasts. Antigen expression of (b) DMD-Tag-hTERT and (d) DMD-Tag myoblasts (original magnification ×100
In conclusion, as already demonstrated with several cell types, the introduction of the telomerase gene in previously Tag transformed DMD myoblasts considerably extends their life span. These cells seem to continuously proliferate in vitro but are contact inhibited because they are able to fuse in differentiation medium. At the time of submitting this article, it has been demonstrated that the introduction of three genes, hTERT, H-ras and T antigen, is necessary for tumorigenic conversion; hTERT and T antigen expression is not sufficient. 18 This result is consistent with our observations. Moreover, 4 weeks after transplantation of the DMD-Tag-hTERT into the muscle of immunodeficient SCID mouse, no tumors were observed (unpublished results).
After removal of T antigen and introduction of the dystrophin or mini-dystrophin gene, these genetically modified myoblasts could constitute an important pool of DMD myoblasts for autologous transplantation in DMD patients. 
